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(57) ABSTRACT

An apparatus to generate nitric oxide 1s disclosed 1n one
embodiment 1n accordance with the invention as including a
heat source and a vessel containing the heat source. A tablet
may be placed within the vessel such that it 1s in thermal
communication with the heat source to receive heat there-
from. The tablet may contain reactants that are substantially
non-deliquescent and form mitric oxide in response to heat
from the heat source.
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NITRIC OXIDE GENERATOR AND
NON-DELIQUESCENT TABLET FOR USE IN
SAME

RELATED APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 13/100,186, filed May 3, 2011, now U.S. Pat.
No. 8,574,531; which 1s a continuation of U.S. patent appli-
cation Ser. No. 11/751,523, filed May 21, 2007, now 1ssued as
U.S. Pat. No. 7,939,045 on May 10, 2011 ; which 1s a continu-
ation-in-part of U.S. patent application Ser. No. 10/733,805,

filed Dec. 10, 2003, now 1ssued as U.S. Pat. No. 7,220,393 on
May 22, 2007; all of which are hereby incorporated by refer-
ence.

BACKGROUND

1. The Field of the Invention

This invention relates to nitric oxide therapy and more
particularly to apparatus and methods for generating and
delivering nitric oxide.

2. Background

Although 1t 1s one of the simplest biological molecules 1n
nature, nitric oxide plays a significant role in nearly every
phase of biology and medicine. From 1ts role as a critical
endogenous regulator of blood flow and thrombosis, to a
principal neurotransmitter mediating erectile function, to a
major pathophysiological mediator of inflammation and host
defense, there are few pathological conditions where nitric
oxide does not play a significant role. Discoveries relating to
nitric oxide have prompted vigorous research in a variety of
fields including chemistry, molecular biology, and gene
therapy. In just the last two decades, tens of thousands of
scientific papers addressing various aspects of this molecule
have been published, most of these within the last decade.

One method for delivering nitric oxide to the body is by
inhaling therapeutic doses (e.g., 20 to 100 ppm) of nitric
oxide gas. This delivery method has been introduced and
studied over the last decade to treat conditions such as pul-
monary hypertension, hypoxemia, respiratory distress syn-
drome 1n newborns, and sickle cell disease. Providing nitric
oxide in the respiratory gas dilates pulmonary vessels by
relaxing vascular smooth muscle cells. This decreases pul-
monary vascular resistance and redistributes pulmonary
blood flow to reduce pulmonary arterial pressure and improve
arterial oxygenation.

Currently, various methods have been disclosed for gener-
ating nitric oxide, including production with polymers or
clectrochemical production with aqueous solutions of nitric
oxide precursors. One method for producing nitric oxide was
disclosed 1n 1956 1n a paper titled “A New Method of Prepar-
ing Nitric Oxide” authored by James D. Ray and Richard A.
Ogg Jr. In that paper, the authors disclosed a method for
generating nitric oxide that imvolves heating a dry powdered
mixture of potassium nitrite, potassium nitrate, chromic
oxide, and ferric oxide with a yellow flame. The powder was
optionally mixed with water to form a stiff paste which could
be molded and dried to form cylindrical shapes or pellets. The
resulting nitric oxide gas was very pure, 1 Some cases as
much as 99.78 percent pure.

Nevertheless, the composition disclosed by Ray and Ogg 1s
not suitable to produce a stable, long-lasting tablet for gener-
ating nitric oxide. In particular, the potassium nitrite 1s deli-
quescent, tending to absorb excessive amounts of water from
the atmosphere causing the material to liquety. Other ingre-
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dients, such as the ferric oxide, are not readily compressed to
form a tablet with acceptable friability and hardness.

In view of the foregoing, what 1s needed 1s a method and
apparatus to produce a stable, long-lasting tablet that will
release nitric oxide 1n suitable quantities, predictably, over a
suitable time upon being heated. Further needed 1s an appa-
ratus for heating and capturing mitric oxide generated by such
a tablet. Further needed 1s an apparatus for diluting the nitric
oxide to a therapeutically sate level. Yet further needed 1s a
tablet having acceptable hardness and frniability that can be
manufactured 1n large quantities by mass production, distrib-
uted, stored, and easily used. Further needed 1s a tablet that
will produce nitric oxide with acceptable efficiency. Yet fur-
ther needed are methods, materials, and techniques to
improve upon the method and composition disclosed by Ray
and Ogg.

BRIEF SUMMARY OF THE EMBODIMENTS

Consistent with the foregoing, and 1n accordance with the
invention as embodied and broadly described herein, an appa-
ratus to generate nitric oxide 1s disclosed 1n one embodiment
in accordance with the imvention as including a heat source
and a vessel containing the heat source. A tablet may be
placed within the vessel such that it 1s 1n thermal communi-
cation with the heat source to receive heat therefrom. The
tablet may contain reactants that are substantially non-deli-
quescent and form nitric oxide 1n response to heat from the
heat source.

In selected embodiments, the tablet further comprises an
inert binder providing a substantially solid path of thermal
conduction between granules of reactants. The tablet may be
compressed to a hardness providing a thermal conductivity
clfective to heat the reactants internal thereto substantially
exclusively by thermal conduction. In certain embodiments,
the hardness of the tablet 1s selected to be greater than 5
kiloponds. In other embodiments, the hardness of the tablet 1s
selected to be greater than 9 kiloponds. In yet other embodi-
ments, the hardness of the tablet 1s selected to be from about
10 kaloponds to about 20 kiloponds.

In certain embodiments, the heat source 1s controlled to
melt, yet avoid vaporizing, one or more of the reactants. In
other embodiments, the heat source 1s controlled to melt one
or more of the reactants, and to avoid vaporizing any of the
reactants.

In certain embodiments, the reactants consist substantially
ol a non-deliquescent nitrite compound, a nitrate compound,
and a single metal oxide. In selected embodiments, the nert
binder may include calcium silicate. In other embodiments,
the non-deliquescent nitrite compound may 1nclude sodium
nitrite. Stmilarly, the nitrate compound may include potas-
sium nitrate and the metal oxide may include chromic oxide.

In a second aspect of the invention, a stable nitric-oxide-
producing tablet may include substantially non-deliquescent
reactants forming mitric oxide in response to heat applied
thereto. These reactants may include a non-deliquescent
nitrite compound, a mtrate compound, and a metal oxide. The
tablet may also include an inert binder providing a substan-
tially solid path of thermal conduction between the reactants.

In selected embodiments, the inert binder may include
calcium silicate. In other embodiments, the non-deliquescent
nitrite compound may include sodium nitrite. Similarly, the
nitrate compound may include potassium nitrate and the
metal oxide may include chromic oxide.

In a third aspect of the invention, a method of generating,
nitric oxide may include providing a solid tablet comprising
non-deliquescent reactants. This tablet may then be heated to
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melt at least one of the reactants to promote reaction thereotf,
thereby generating nitric oxide. The nitric oxide may then be
mixed with a diluent gas to provide a therapeutically safe and
elfective concentration of nmitric oxide.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects and features of the present
invention will become more fully apparent from the following
description and appended claims, taken 1n conjunction with
the accompanying drawings. Understanding that these draw-
ings depict only typical embodiments 1n accordance with the
invention and are, therefore, not to be considered limiting of
its scope, the invention will be described with additional
specificity and detail through use of the accompanying draw-
ings i which:

FI1G. 1 1s a high-level block diagram of one embodiment of
a nitric oxide generator 1n accordance with the ivention;

FIG. 2A 1s a front perspective view of one embodiment of
an implementation of a nitric oxide generator 1n accordance
with the invention;

FIG. 2B 1s a rear perspective view of the nitric oxide
generator 1llustrated in FIG. 2A;

FIG. 3 1s an exploded perspective view of the mitric oxide
generator illustrated 1in FIGS. 2A and 2B;

FI1G. 4 15 a flow chart of one embodiment of a method for
generating nitric oxide;

FIG. 5A 1s a high-level block diagram of one embodiment

of a feedback system for use with a nitric oxide generator 1n
accordance with the invention;

FIG. 5B 1s a high-level block diagram of another embodi-
ment of a feedback system for use with a nitric oxide genera-
tor 1n accordance with the invention;

FIG. 6 1s a tflow chart of one embodiment of a method for
creating a non-deliquescent nitric-oxide-producing tablet 1n
accordance with the invention;

FIG. 7 1s an enlarged perspective view of one embodiment
of a tablet 1n accordance with the invention, showing the
tablet’s granular structure; and

FI1G. 8 1s a graph showing nitric oxide production of a tablet
as a function of time and compression force.

DETAILED DESCRIPTION OF TH
EMBODIMENTS

(L]

It will be readily understood that the components of the
present invention, as generally described and illustrated in the
Figures herein, could be arranged and designed 1n a wide
variety of different configurations. Thus, the following more
detailed description of the embodiments of apparatus and
methods 1n accordance with the present invention, as repre-
sented 1n the Figures, 1s not intended to limit the scope of the
invention, as claimed, but 1s merely representative of certain
examples of presently contemplated embodiments in accor-
dance with the invention. The presently described embodi-
ments will be best understood by reference to the drawings,
wherein like parts are designated by like numerals through-
out.

Referring to FIG. 1, 1n general, a nitric oxide generator 10
in accordance with the invention may include a vessel 12 and
a heat source 14 within the vessel 12. The heat source 14 may
be 1n thermal communication with a tablet 16. The tablet 16
may contain reactants that generate nitric oxide gas when
heated. The reactants 1n the tablet 16 may be depleted after
heating the tablet 16 for a given time and temperature, after
which the tablet 16 may be replaced. In selected embodi-
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ments, the tablet 16 may retain its shape and structure after the
reactants have been substantially depleted.

The heat source 14 may be 1n direct contact with the tablet
16 to conduct heat directly to the tablet 16. Alternatively, the
heat source 14 may radiate heat, which may then be absorbed
by the tablet 16 without physical contact. In either case, the
heat source 14 may be placed inside the vessel 12 1n order to
ciliciently transfer heat to the tablet 16. This may also provide
a degree of safety when handling or coming into contact with
the generator 10.

In selected embodiments, the nitric oxide generator 10 may
also include an 1nlet 18 to allow diluent gases to enter the
vessel 12 and thereby mix with and dilute the nitric oxide gas.
The resulting diluted mitric oxide gas may then exit the vessel
12 through an outlet 20 where 1t may be stored or conveyed to
a person or animal to provide therapy.

Referring to FIGS. 2A and 2B, one specific and non-lim-
iting implementation of a mitric oxide generator 10 1n accor-
dance with the invention 1s illustrated. As shown, 1n one
embodiment a nitric oxide generator 10 may include a body
portion 22 which may support a vessel 12. In this embodi-
ment, the vessel 12 1s provided 1n the form of a clam shell
which may include separable upper and lower portions. These
portions may be separated to provide access to the heat source
14 and allow tablets 16 to be inserted or replaced. In selected
embodiments, a thumbscrew 24 or clamp 24 may be used to
keep the upper and lower portions of the clam shell together
to seal the vessel 12 and prevent injury. As will be shown 1n
FIG. 3, the clam shell may also include one or more inlets 18
and outlets 20 to allow diluent gases to enter the vessel 12,
mix with nitric oxide gas, and exit the vessel 12. These inlets
18 and outlets 20 may, 1n certain embodiments, be fitted with
a latch, coupling, fitting, or other connector to connect to a
hose or other device.

In selected embodiments, a generator 10 may also include
a control panel 26 to adjust various operational parameters of
the nitric oxide generator 10. For example, the control panel
26 may be used to adjust the temperature, current, or heat
output of the heat source 14 which may in turn adjust the
amount of nitric oxide produced. This may be used to adjust
the concentration of nitric oxide 1n gases exiting the vessel 12.
In other embodiments, the control panel 26 may be used to
regulate the flow of diluent gases through the vessel 12 with a
valve or other control device. This may also adjust the con-
centration of nitric oxide 1n gases exiting the vessel 12. In
other embodiments, the control panel 26 may be used to turn
the generator 10 on or off, set a timer to turn the generator 10
onor oif, set atemperature, current, or heat profile for the heat
source 14 that changes (e.g. monotonically or programmati-
cally) over time 14, or the like. Stmilarly, the control panel 26
may be configured to trigger one or more alarms when the
nitric oxide concentration rises above or falls below a selected
threshold. These examples represent just a few possible func-
tions for a control panel 26.

The generator 10 may also include a power supply panel 28
connecting to a power cord or other source of electricity. A
switch 30 may be provided to selectively connect or interrupt
the supply of power to the generator 10.

Referring to FIG. 3, an exploded view of the generator 10
of FIGS. 2A and 2B 1s illustrated. As shown, the generator 10
may iclude a body portion 22, a control panel 26, and power
supply panel 28, which may be inserted into the body portion
22. A cover plate 30 may be used to provide access to the
control panel 26, power supply 28, and possibly a heating
clement 36 from below the generator 10. A vessel 12, 1n this
example a selectively opened and closed clam shell 12a, 125,
may be inserted into or mounted to the body portion 22. A
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lower portion 12a of the vessel 12 may be attached to the body
portion 22 using a mounting plate 32, washer 34, and one or
more fasteners, such as screws, rivets, welds, or the like. The
lower portion 12a may include one or several ports, such as an
inlet 18 and outlet 20, to allow diluent gases to pass through
the vessel 12.

In selected embodiments, a heating element 36, such as a
calrod 36 or cartridge heater 36, may be mserted through the
mounting plate 32 and washer 34 where 1t may be connected
to a power source outside the vessel 124, 125. One or more
tablets 16, having apertures therein, may be placed over the
heating element 36. The tablets 16 may be stacked directly on
top of one another or may be separated by a washer or other
spacer. The tablets 16 may be heated through direct contact
with the heating element 36 or may, alternatively, absorb heat
radiated from the heating element 36. The temperature of the
heating element 36 may be controlled to provide a regulated
amount of heat (e.g., between 200° C. and 700° C.) to the
tablets 16. This enables nitric oxide to be generated over a
period of time and 1n a controlled manner.

In selected embodiments, the tablets 16 may be surrounded
by a perforated baitle 38. The baille 38 may regulate heat
dissipation from the tablets 16, provide more uniform heating
of the tablets 16, regulate the flow of diluent gases over the
tablets 16, or the like. The battle 38, by contrast, may allow
nitric oxide gas to pass through slots or apertures 1n the baftle
38 to mix with diluent gases passing through the vessel 12.

Anupper portion 125 of the vessel may be used to coverthe
heating element 36 and tablets 16, seal the vessel 12, prevent
the escape of mitric oxide, and retain heat within the vessel 12.
The upper portion 125 may be retained over the lower portion
12a by, for example, a thumbscrew 24, clamp 24, or other
suitable retention mechanism.

Referring to FIG. 4, 1n selected embodiments, a method 50
for generating nitric oxide may include providing 52 one or
more tablets 16 contaiming non-deliquescent reactants for
producing nitric oxide. Use of non-deliquescent reactants
enables manufacture of an environmentally stable tablet 16
that will retain 1ts ability to produce nitric oxide over time. As
will be explained 1n more detail hereafter, the stability of the
reactants enable production of a tablet 16 that 1s both harder
and less friable than may be possible with deliquescent reac-
tants. Additional hardness, which may be a function of the
amount of compressive force applied to the tablet 16, may
increase the nitric oxide production of the tablet 16 by
improving the solidity and thus thermal conductivity of the
tablet 16. As will be explained 1n more detail hereafter, this
provides a tablet 16 having improved stability and an
improved ability to produce nitric oxide, and to do so more
predictably, compared to a tablet 16 containing one or more
deliquescent reactants, such as potassium nitrite.

Once a tablet 16 1s provided 52, the method may include
heating 54 the tablet 16 to melt one or more reactants. This
may cause the melted reactants to come 1nto intimate molecu-
lar contact, and even to migrate through the tablet until they
come into contact with other reactants, thereby 1nitiating the
nitric-oxide producing reaction. This also enables certain
ones of the reactants to be reacted as liquids (or vapors, or
both) with heat of a fairly modest temperature (e.g., 300-500°
C.). In certain embodiments, reactants may be vaporized to
react 1n a vapor phase. In selected embodiments, the substan-
tially non-deliquescent reactants may include sodium nitrite,
potassium mitrate, and chromium oxide. These reactants may
produce nitric oxide 1n accordance with the following sto-
ichiometric equation:

3INaNO,+KNO;+Cr,03;—=2KNaCrO,+4NO(g)
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Of the above reactants, sodium nitrite (NaNO,) has the
lowest melting temperature (270° C.). Thus, upon heating the
reactants to 270° C., the sodium nitrite may begin to melt and
intermingle with molecules of other reactants. It may even
flow through the tablet 16 to make intimate contact with other
reactants, thereby mitiating the nitric-oxide-producing reac-
tion. In selected embodiments, the temperature may be con-
trolled to avoid vaporizing any of the reactants. Thus, the
reaction may occur mostly in the solid and liquid phases of
reactants.

For example, sodium mitrite has the lowest boiling point
(320° C.) of the reactants. Thus, 1n certain embodiments the
temperature of the heating element 36 may be maintained
between about 270° C. and 320° C. to melt the sodium nitrite
while avoiding vaporizing it. Thus, a liquid reactant can move
to contact solid reactants. By controlling the temperature, the
reaction may be controlled to allow the nitric oxide to be
released over a desired period of time, such as, for example,
about 30 minutes. Nevertheless, 1n other embodiments, the
reactants may be heated to greater temperatures, such as
between about 300° C. and 700° C. Thus, although the gen-
erator 10 may generate nitric oxide at lower temperatures, 1ts
use 1s not limited to the lower temperatures.

Once the reaction 1s generating nitric oxide, the resulting
nitric oxide gas may be mixed 56 with a diluent gas, such as
nitrogen, air, or the like, to dilute the nitric oxide to a thera-
peutically safe level, such as between about 20 and about 500
ppm. A range of about 250 to about 400 ppm 1s particularly
uselul, with a target of just over 300 ppm. In selected embodi-
ments, the diluent gas may be pumped 1nto the vessel 12 at a
desired rate (e.g., 0.5 L/min) where 1t may mix with the nitric
oxide and exit through an outlet 20. In other embodiments, the
nitric oxide may be drawn 1nto a stream of diluent gas using a
principle such as the ventur: effect.

Referring to FIG. SA, in selected embodiments, a nitric
oxide generation system 60 may include a diluent gas source
62, a mitric oxide generator 10, and a destination for diluted
nitric oxide gas 64. In certain embodiments, the system 60
may utilize a feedback loop to control the concentration of
nitric oxide gas i the diluted nitric oxide gas 64. For example,
one or more sensors 66 may be used to sense the concentra-
tion of nitric oxide 1n the diluted nitric oxide gas 64. These
sensors may provide a feedback signal 67 to various controls
68. These controls 68 may be used to adjust the temperature
of a heating element 36 of the nitric oxide generator 10. By
adjusting the temperature, heat, current, or other energy con-
trol point, the speed of the reaction and thus the nitric oxide
release rate may be adjusted to achieve a desired concentra-
tion of nitric oxide 1n the diluted gas 64.

Referring to FIG. 3B, 1n an alternative embodiment, a
teedback signal 67 may be used to control the tflow rate of a
diluent gas through the nitric oxide generator 10. This may
also adjust the concentration of nitric oxide 1n the diluted gas
64. This may be accomplished, for example, by adjusting the
speed of a pump moving the diluent gas. Alternatively, the
teedback signal may be used to control a valve to regulate the
flow rate of diluent gases through the mitric oxide generator
10. In selected embodiments, a system 60 may utilize both
types of feedback illustrated in FIGS. 5A and 5B to control
the concentration of nitric oxide 1n the stream or supply of
diluted gas 64.

Referring to FIG. 6, one embodiment of a method 70 for
making a nitric-oxide-producing tablet 16 using a dry granu-
lation process 1s illustrated. In certain embodiments, such a
method 70 may include initially combining 72 various ingre-
dients, such as active mgredients 74 and excipients 76, to
produce a tablet 16. In selected embodiments, active mgredi-
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ents may include a non-deliquescent nitrite compound 78, a
nitrate compound 80, and a metal oxide 82. In one embodi-
ment, the active ingredients may include about 33 percent by
weilght of sodium nitrite, about 17 percent by weight of potas-
sium nitrate, and about 30 percent by weight of chromic
oxide. A stoichiometric mixture may be used or an excess of
all ingredients except for a rate controlling reactant.

The tablet 16 may also include one or more excipients 76
that may improve the manufacturability of the tablet 16 as
well as increase the thermal conductivity, heat transfer capac-
ity, or temperature uniformity, and thus nitric oxide produc-
tion, of the tablet 16. For example, the tablet 16 may include
one or more binders 84, lubricants 86, and antiadherents 88.
In one embodiment, a suitable binder 84 may include calcium
silicate (Ca,S10,), a suitable lubricant 86 may include zinc
stearate, and a suitable antiadherent 88 may include talc to
prevent punch sticking. The calcium silicate acts a compres-
s10on aid to produce a tablet 16 with acceptable hardness and
friability. The calcium silicate does not replace the ferric
oxide disclosed by Ray and Ogg. It serves a different function
without harming nitric oxide production. In fact, ferric oxide
was found to be detrimental to tablet 16 physical properties,
producing tablets 16 with unacceptable brittleness and {1ri-
ability.

In selected embodiments, combining 72 the mgredients
may include mitially combining all the active ingredients 74
with about half of the excipients 76. These ingredients may
then be blended 90 with a device such as a V-blender. This
mixture may then be pressed 92 using a tablet or other suitable
press to create slugs containing the above-mentioned ingre-
dients. In selected embodiments, the slugs may be pressed to
a hardness above about 5 kiloponds. In other embodiments,
the slugs may be pressed to a hardness of between about 10
and 20 kiloponds. In other embodiments, the slugs may be
pressed to a hardness of about 14 kiloponds.

The compressive force applied to the tablets 16 may be
important and may afifect the nitric oxide production of the
tablets 16. In general, a higher compressive force will
improve the mitric oxide production of a tablet 16. Higher
compressive forces reduce air volume and improve chemical
intimacy between the reactants, as well as increasing the
thermal conductivity of the tablet 16 by both conforming
particles to one another and removing pores or other voids in
the tablet 16. The improved thermal conductivity provides
better heat transfer to the reactants, and better molecular
contact, thereby providing more uniform heating and better
nitric oxide production.

Once created, the slugs may be milled 94, such as with a
Fitzmill Model DASO 6, to produce granules. These granules
may be filtered through, for example, about anumber 20 mesh
screen to remove larger particles. The granules, as well as the
remaining binder 98, lubricant 100, and antiadherents 102
may then be combined 96 and returned to the blender for
mixing. This mixture may then be returned to the tablet press
to create 104 the tablets 16. In selected embodiments, a dif-
terent tool or die may be used to produce tablets 16 with an
aperture in the middle, as illustrated 1n FIG. 3. In certain
embodiments, the tablets 16 may be pressed to a final hard-
ness above about 5 kiloponds. In other embodiments, the
tablets 16 may be pressed to a hardness of between about 10
and 20 kiloponds. In other embodiments, the tablets 16 may
be pressed to a hardness of about 17 kiloponds.

Tablets 16 made 1n accordance with a method 70 have been
tound to have greatly improved physical properties. They also
exhibit significantly improved nitric oxide production 1n the
generator 10 disclosed by Applicants. That 1s, the tablets 16
greatly outperform the powders, “pellets,” or molded “cylin-
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drical pieces™ disclosed by Ray and Ogg when heated 1n the
nitric oxide generator 10. Because of the improved perior-
mance, significantly less amounts of active ingredients are
required to produce a tablet 16 having acceptable nitric oxide
production.

For example, a 5 gram tablet made 1n accordance with Ray
and Ogg’s method and containing approximately 85 percent
by weight of active ingredients produced only 2.4 mL of nitric
oxide gas when heated 1n the generator 10. By contrast, a five
gram tablet 10 made in accordance with a method 70 and
containing only 10 percent by weight of active ingredients
produced about 11.5 mL of nitric oxide 1n the generator 10.
This constitutes a more than 3000 percent increase 1n effi-
ciency.

In selected embodiments, a tablet 16 made 1n accordance
with the method 70 and exhibiting vastly improved efficiency
may include about 3.3 percent by weight of sodium nitrite,
about 1.7 percent by weight of potassium nitrate, about 5
percent by weight of chromic oxide, about 87 percent by
weilght of calcium silicate, about 2 percent by weight of zinc
stearate, and about 1 percent by weight of talc. When com-
pressed to a hardness of about 12.9 kiloponds, a 5 gram tablet
16 having the above composition produced approximately
11.5 mL of nitric oxide and had acceptable friability to create
a satisfactory manufactured product.

Referring to FI1G. 7, as mentioned, atablet 16 in accordance
with the invention may be provided as a granulated structure
that may actually increase nitric oxide production. For
example, as 1llustrated, reactants within the tablet 16 may be
agglomerated into granulated subdomains 110 within the tab-
let 16. The binder 112 (e.g., calcium silicate) may be present
within and between the granules 110. Each of the subdomains
110 may be compressed to a hardness of greater than 3
kiloponds and more 1deally between about 10 and 20
kiloponds to create chemical intimacy between the reactants
of each granule. As was described 1n association with FIG. 6,
this may be accomplished by creating slugs from a mixture
containing the reactants and then milling the slugs to create
granules 110 of a desired size. These granules 110 may also
improve the flowability of the mixture to prevent the mixture
from sticking together, thereby enabling production of a tab-
let 16 with improved physical characteristics.

As mentioned, the calcium silicate binder 1s a material that
acts as a compression aid when forming the tablet 16. An
unexpected benefit provided by the calcium silicate after
compression 1s that 1t provides an effective path of thermal
conduction to the reactants. This path of thermal conduction
1s provided both intergranularly, by the binder included
within each granule 110, as well as extra-granularly, by the
binder 112 provided between each granule 110. These paths
of thermal conduction provide an effective mechanism to
transier heat to each granule 110 and to the reactants within
cach granule 110. This enables heat to be more efficiently
transported to the reactants, significantly improving nitric
oxide production by getting more of the reactants to react with
one another. It follows that greater compressive forces
applied to the tablet 16 may actually increase the chemical
intimacy between the reactants and the binder and thus
improve nitric oxide production.

FIG. 8 1s a graph showing the effect of compressive force
on nitric oxide production. Each of the curves 120a, 1205
represents the nitric oxide production of one 5-gram tablet 16
containing 10 percent by weight active ingredients and made
in accordance with the method 70 illustrated 1n FIG. 6. The
tablets 16 were heated to about 500° C. 1n the nitric oxide
generator 10 illustrated in FIGS. 2A and 2B with nitrogen gas
passing through the unit at a tlow rate of about 0.5 L/min. The
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nitric oxide concentration was measured (in ppm) 1n the out-
going gas stream, as shown on the vertical axis of the graph.

Both tablets 16 represented by the curves 120a, 1205 con-
tain about 3.3 percent by weight of sodium nitrite, about 1.7
percent by weight of potassium nitrate, about 5 percent by
weight of chromic oxide, about 89 percent by weight of
calcium silicate, and about 1 percent by weight of zinc stear-
ate. The only significant difference between the tablets 16 1s
that the tablet 16 represented by the curve 120a was com-
pressed to a hardness of about 16.0 kiloponds, whereas the
tablet 16 represented by the curve 1205 was compressed to a
hardness of about 10.0 kiloponds.

As can be seen for both tablets 16, nitric oxide production
1s greatest at the beginning of production. This production
diminishes over the typical (e.g. about 30 to 90 minutes) 60
minute interval during which the reactants are consumed. As
can also be observed, the tablet 16 represented by the curve
120a, which was compressed to a hardness of about 16.0
kiloponds, generated sigmificantly more nitric oxide than the
tablet 16 represented by the curve 1205 and compressed to a
hardness of about 10.0 kiloponds. These results bolster the
conclusion that greater compressive forces applied to the
tablet 16 increase the thermal conductivity, chemical inti-
macy, or both of the tablets 16 and thus improve nitric oxide
production. That 1s, greater compressive forces achieve nitric
oxide yields, 1 a stream of a breathing gas (e.g. air, nitrogen)
having a volume of about half a liter per minute, closer to the
theoretical yield. These results also achieve a target yield of at
least 300 ppm of nitric oxide for at least 30 minutes.

The present invention may be embodied 1n other specific
forms without departing from its basic features or essential
characteristics. The described embodiments are to be consid-
ered 1n all respects only as illustrative, and not restrictive. The
scope of the invention 1s, therefore, indicated by the appended
claims, rather than by the foregoing description. All changes
within the meaning and range of equivalency of the claims are
to be embraced within their scope.

What 1s claimed 1s:

1. An apparatus generating nitric oxide, the apparatus com-
prising;:

a heat source;

a vessel containing the heat source;

a tablet, positioned within the vessel and in thermal com-
munication with the heat source to receive heat there-
from; and

the tablet, consisting substantially of non-deliquescent
reactants forming nitric oxide 1n response to heat from
the heat source.

2. The apparatus of claim 1, wherein the tablet further
comprises an inert binder providing a substantially solid path
of thermal conduction between granules of reactants.

3. The apparatus of claim 1, wherein the tablet 15 com-
pressed to a hardness providing a thermal conductivity effec-
tive to heat the reactants substantially exclusively by thermal
conduction.

4. The apparatus of claim 1, further comprising controlling,
the heat source to melt, yet avoid vaporizing, at least one of
the reactants.
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5. The apparatus of claim 3, wherein the hardness of the
tablet 1s selected to be greater than 5 kiloponds.

6. The apparatus of claim 3, wherein the hardness of the
tablet 1s selected to be greater than 9 kiloponds.

7. The apparatus of claim 3, wherein the hardness of the
tablet 1s selected to be from about 10 kiloponds to about 20
kiloponds.

8. The apparatus of claim 1, wherein the reactants consist
essentially of:

a non-deliquescent nitrite compound;

a nitrate compound; and

a single metal oxide.

9. The apparatus of claim 1, wherein the reactants com-
prise:

a non-deliquescent nitrite compound;

a nitrate compound; and

a metal oxide.

10. The apparatus of claim 2, wherein the inert binder
comprises calcium silicate.

11. The apparatus of claim 9, wherein the non-deliquescent
nitrite compound comprises sodium nitrite.

12. The apparatus of claim 9, wherein the nitrate compound
comprises potassium mitrate and the metal oxide comprises
chromic oxide.

13. The apparatus of claim 1, further comprising agglom-
erating the reactants into granulated sub-domains within the
tablet.

14. An apparatus for generating nitric oxide, the apparatus
comprising;

a heat source;

a vessel containing the heat source;

a tablet, positioned within the vessel and in thermal com-
munication with the heat source to recerve heat there-
from; and

the tablet, consisting substantially of non-deliquescent
reactants comprising, a non-deliquescent nitrite com-

pound, a nitrate compound, and a metal oxide, and form-
ing nitric oxide in response to heat from the heat source.

15. The apparatus of claim 14, wherein the tablet further
comprises an mert binder providing a substantially solid path
of thermal conduction between granules of reactants.

16. The apparatus of claim 14, wherein the tablet 1s com-
pressed to a hardness providing a thermal conductivity effec-
tive to heat the reactants substantially exclusively by thermal
conduction.

17. The apparatus of claim 14, further comprising control-
ling the heat source to melt, yet avoid vaporizing, at least one
of the reactants.

18. The apparatus of claim 135, wherein the inert binder
comprises calcium silicate.

19. The apparatus of claim 14, wherein the non-deliques-
cent nitrite compound comprises sodium nitrite.

20. The apparatus of claim 14, wherein the nitrate com-
pound comprises potassium nitrate and the metal oxide com-
prises chromic oxide.
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